The 49 th Annual Drosophila Research Conference offered a multidimensional view of the process of transcriptional regulation, ranging from discoveries at the level of individual genes and enhancers, to global genome-wide perspectives. One insight gained from the presentations is that quantitative understanding of function and evolution of transcriptional regulation will require assessing the contributions of multiple, redundantly acting cis-regulatory elements.
Enhancer evolution continues to be a topic of interest; Justin Crocker (Erives lab, Dartmouth) reported on 14 neuroectoderm (NEE)-specific embryonic enhancers identified from D. melanogaster, D. pseuodobscura and D. virilis that bind to the Dorsal and Twist transcriptional activators, factors critical for dorsal-ventral patterning in the blastoderm embryo. Dorsal protein is present in a ventral-to-dorsal gradient, allowing the expression of genes in three distinct zones, the mesoderm, neuroectoderm and dorsal ectoderm. Strikingly, several enhancers from D. virilis, when integrated into D. melanogaster as reporter constructs, appeared to respond more strongly than their D. melanogaster homologs, driving gene expression in more dorsal regions where the Dorsal activator is limiting. The results suggest that an alteration in the transactivator environment induced a coordinate shift in the design of the D. virilis enhancers; the molecular mechanism may involve the exact spacing of Dorsal and Twist sites on these enhancers (slightly closer in D. virilis than in other species). Enhancers from D. pseudoobscura appear to have diverged coordinately in the opposite direction, with overall lower activity than their D. melanogaster counterparts.
Brant Peterson and Emily Hare (Eisen lab, Berkeley) reported on further characterization of the pair-rule gene even-skipped (eve) from sepsid and tephritid species (C. capitata, R. juglandis, T. minor). These flies have developmental gene networks closely resembling that found in Drosophila, but with overall larger genome sizes, containing more non-selected sequences. In these species, the modular eve enhancers that drive expression of transverse stripes in the embryo are embedded in larger blocks of rapidly evolving "neutral" DNA, facilitating the identification of the enhancers by use of sequence conservation. These researchers suggest that because of the overall higher content of neutral, more rapidly evolving DNA, genome-sequencing efforts focusing on such species will yield a bounty of fly enhancers. At the same time, the overall conservation of the bona fide eve blastoderm stripe enhancers was quite low when compared across larger evolutionary distances. A possible conserved feature is the pairing of certain binding sites for the transcription factors that regulate these enhancers. Thus, the design features that underlie eve enhancers may be subtler than those for NEE enhancers. A particularly complex enhancer architecture was reported for a transcriptional enhancer of the Pax2 gene by Christina Swanson (Barolo lab, U. Michigan). The sparkling enhancer, which drives expression of Pax2 in the eye, possesses 12 binding sites for downstream effectors of Notch and EGFR, as well as the Lozenge activator. Although these binding sites are necessary, simple combinations of the sites are insufficient to direct proper expression of the gene. Numerous additional novel sequences are also required for function, although the exact arrangement of sequences appears to be flexible.
The complexity of endogenous regulatory loci was highlighted by studies of the wing imaginal disc regulatory regions of the brinker (brk) gene in talks (Rahul Warrior, UC Irvine; Mike Levine, UC Berkeley) and posters (Melissa Gallo, Campbell lab, U. Pittsburgh; Enrica Charbonnier, Pyrowolakis lab, U. Freiburg). The Brinker transcription factor plays a key role in patterning the wing disc, repressing dpp target genes optomoter-blind and spalt. Dpp signaling in turn represses the brk promoter, interacting through binding sites for the Mad/Medea effectors of Dpp signaling, in concert with the Schnurri corepressor. Warrior noted that in contrast to the simple model of a single Mad/Medea/Schnurri repressor switch dominantly shutting down the entire brk promoter, there are at least four separate elements in the 12 kbp 5' of brk that work as activators, on which Mad/Medea complexes appear to work as short-range repressors using Schnurri and the CtBP corepressor. Charbonnier described more putative silencing elements located 3' of the initiation site, and Levine noted that a redundant enhancer is even found within the intron of the adjacent atg5 gene. These elements appear to act in parallel to provide more stability ("buffer") the signals reaching the promoter. Campbell provided evidence Mad protein binding to the brk promoter may also play a positive role, through a promoter proximal element, helping to define the profile of the brk gradient.
Similar redundant, or "shadow", enhancers were found by Levine in and around the short-gastrulation (sog) gene. The identification of additional, redundantly acting regulatory information is reminiscent of the residual eve stripe 2 activity found outside of the main minimal stripe 2 element by Ludwig and Kreitman. 1 Additional non-redundant stripe enhancer elements of the runt and fushi-tarazu pair rule genes were the focus of a talk by Mark Schroeder (Gaul lab, Rockefeller), who investigated the function of putative regulatory elements identified in previous bioinformatics searches. These elements appear to integrate early gap gene inputs, as suggested by earlier studies. 2, 3 The picture obtained from these studies is that to understand the regulation of these genes, the focus on a single cis element may provide an easily grasped paradigm, but at the risk of not understanding the true complex interplay of functional elements. Clearly, when comparing related genomic sequences in different species to assess evolutionary changes in a cis regulatory region, one must anticipate possible compensatory changes affecting distal sequences. A loss of transcriptional activity in one enhancer may be rescued by additional input from other enhancers (Fig. 1) .
The identification of putative cis-regulatory elements embedded within genomic sequences remains a formidable problem, but integrative approaches described by Brian Busser (Michelson lab, NIH) may illustrate a likely road forward. To identify enhancers active in embryonic muscle founder cells, properties of Slouch and Muscle-Specific Homeodomain (Msh), two important transcription factors active in these cells, were assayed. The proteins' DNA binding specificities were tested by binding them to immobilized double-stranded DNA microarrays (protein-binding microarrays; work with the Bulyk lab, Harvard). In parallel, slouch-responsive genes were identified by microarray analysis of mRNA derived from embryos in which Slouch was overexpressed in the mesoderm, as well as mRNA from embryonic cells expressing the twist-GFP reporter, which is active in the specific cells of interest (muscle founder cells). The Bulyk PhylCRM bioinformatics tool was applied to identify possible regulatory regions corresponding to enriched clusters of conserved regulatory motifs. Combining these data sets, the investigators sought putative sequences enriched for binding sites of the previously characterized muscle-specific transcription factors Pointed, Twist and Tinman, as well as sites for Slouch and Msh. The additional information about the latter two protein sites permitted the identification of bona fide muscle-specific regulatory sequences in the frazzled and nidogen genes.
Global analysis of transcriptional components that will bolster such efforts is proceeding on several fronts. Michael Brodsky (U. Mass. Worcester, together with Scot Wolfe) described comprehensive analysis of DNA binding specificity of 84 Drosophila homeodomain proteins, as well as 35 transcription factors involved in segmental regulation, using bacterial one-hybrid approaches. This method involves fusing the transcription factor in question to the omega subunit of bacterial RNA polymerase. Reporter constructs incorporating high-affinity binding sites for the DNA binding domain will recruit the omega fusion protein and consequently RNA polymerase. By screening for clones with suitable expression levels, preferred motifs are identified. Predicted genomic binding sites are available at biotools.umassmed.edu/genomesurveyor. Nobuo Ogawa (Mark Biggin lab, Lawrence Berkeley Lab) reported on a variety of in vitro approaches to characterize DNA binding specificity of 37 transcription factors, including well-characterized blastoderm gap proteins, using successive rounds of in vitro binding, purification and amplification (SELEX), as well as isolation and sequencing of random genomic fragments preferentially bound in vitro by immunoprecipitation. Comparative binding affinities to distinct sites are measured by multiplex analysis, whereby affinities to different sequences are compared in one binding experiment. Detailed position weight matrices (PWMs) can be derived from these approaches, rather than relying on a few in vitro DNaseI footprints culled from the literature, to provide the best representation of likely binding sites for transcription factors. These in vitro efforts are likely to be combined with two additional approaches. First, chromatin IP/gene array hybridization (ChIP-chip) is being carried out by several laboratories to measure transcription factor occupancy in embryos on a genome-wide level. Second, three-dimensional in situ atlases are being produced by in situ staining for many developmentally regulated mRNAs, followed by confocal two-photon microscopy of the embryos (Eisen, Biggin and Knowles labs, Berkeley). These results will soon provide a road map of which proteins and mRNAs are present when and where in development, as well a guide to the likely transcriptional regulatory factors bound to genomic segments of interest.
Participants in the Model Organism ENCyclopedia Of DNA Elements (modENCODE) Project, an NIH-supported multigroup effort to identify all sequence-based functional elements in C. elegans and D. melanogaster, reported on plans that will enhance the understanding of transcription factor-DNA interactions. Kevin White (U. Chicago) described the chromatin immunoprecipitation "pipeline" that is being implemented for some 350 transcription factors, approximately half of the genomic total for the fly. At this point, that project is still largely at the stage of producing and testing antibody reagents, which will be made available to the community through commercial suppliers underwriting the immunological work. Vince Pirrotta (Rutgers) reported on efforts to map chromatin associated proteins such as HP-1, CTCF, Pc, Su(Hw) and mod(mdg)4, together with the Elgin, Karpen and Kuroda laboratories, emphasizing that the Drosophila community is urged to share good antibodies with these investigators, who will be providing a common resource in the form of genome-wide maps of their binding profiles. Chromatin maps are also a goal of the project, with the use of in vivo biotin-tagged histone proteins. These tagged proteins can be precipitated together with associated genomic sequences with streptavidin, offering one way to avoid reliance on custom antibodies (Kami Ahmad, Harvard). The modENCODE session concluded with a lively discussion of how data from such global surveys are to be accessed and analyzed-should "producing" labs have priority to write papers based on data mining, when data is intended to be made public as soon as possible? The principals appealed to the fly community's tradition of open communication between labs to help sort out such issues. While larger systems-level analyses take center stage positions, individual detailed efforts focusing on individual transcription factors have produced essential insights. Most exciting was the characterization of Zelda (Hsiao-Lan Liang, Rushlow lab, NY Univ.), a newly identified zinc-finger transcriptional regulator essential for many blastoderm functions, including the expression of central transcriptional regulators zen, Sxl, sisB and Sry-α, as well as the dpp signaling molecule. The Zelda protein may play a role in maternal mRNA turnover as well, based on the stability of maternal transcripts in a zelda mutant background. Other transcription factors appear to play supporting roles; Girish Ratnaparkhi (Courey lab, UCLA) reported on the role of the Dip3 dorsal-interacting protein, which, in contrast to zelda does not have a lethal phenotype. dip3 mutant embryos show occasional dorsal-ventral patterning defects, which increase in frequency in backgrounds with reduced dosage of dorsal, consistent with Dip3 interacting with the Dorsal activator. Consistent with the central role of Dorsal and other Rel-domain activators in activating antimicrobial genes, dip3 mutants also have compromised innate immune responses, with lower expression levels of antimicrobial genes such as drosomycin and diptericin. Chromatin immunoprecipitation experiments place Dip3 protein at these promoters.
Another new transcriptional cofactor discussed was Bhringi. Scott Nowak (Baylies lab, Sloan-Kettering) identified this evolutionarily conserved gene in a yeast interaction assay seeking cofactors of the Twist transcriptional activator. Bhringi does not contain classical motifs that hint at its role in transcription, but the protein binds Twist in vitro, and is essential for normal muscle development, in which Twist plays an essential role. A different cofactor, the Host Cell Factor (HCF) was previously characterized as a protein important for activity of the herpesvirus VP16 activator in mammals. Using a comprehensive cell-based RNAi screen for genes involved in cell growth mediated by the Drosophila myc proto-oncogene, Michael Furrer (Gallant lab, U. Zurich) identified the Drosophila HCF as a Myc cofactor, thus providing a clue for a physiological role of HCF in normal cellular growth. The Groucho corepressor was the subject of several presentations as well. This corepressor interacts with a number of DNA binding transcription factors such as Brinker and Hairy, and is important for their repression activity. A previous suggestion that this protein mediates repression by an oligomerization/spreading mechanism 4 was supported by the interaction of Groucho with large tracts of Brinker-repressed genes vestigial and and omb in wing discs (Clint Winkler, Courey lab, UCLA) and on a hairy-repressed reporter gene in embryos (Carlos Martinez and David Arnosti, Michigan State). Early activation of the Sxl gene in female flies is essential for sex-specific expression of this RNA splicing factor, a key to sexually dimorphic gene expression. Jim Erickson (Texas A&M) reported that mutation of binding sites involved in recruitment of Groucho to the Sxl promoter was sufficient to permit early activation of the gene in males, suggesting that Groucho normally contributes to setting up a formidable repressive ground state that ensures the sex-specific transcription.
Relatively few presentations covered mathematical models of gene regulatory processes, but demonstrating the potential of those topics were posters from the Shvartsman lab (Princeton). These included a poster presented by Yoosik Kim, who modeled MAP kinase (MAPK) regulation of the Capicua transcription factor, whose exclusion from the nucleus permits expression of the tailless and huckebein transcription factors in posterior regions. Jessica Lembong presented a computational model of how expression of the broad transcription factor gene is regulated in the developing oocyte by positive and negative feedback loops involving the Dpp and EGFR signal transduction pathways. Thomas Graham's poster (Ilaria Rebay lab, U. Chicago) discussed a model for self-association of the Yan transcription factor, and its regulation of a simple response element, measured in cell culture. Interestingly, these approaches do not attempt to incorporate specific features of the endogenous cis-regulatory elements. A poster from David Holloway (U. British Columbia) and colleagues did address this aspect, in modeling the effect of molecular fluctuations (stochastic effects) in the binding of Bicoid to the hunchback (hb) promoter. The regulation of this promoter by Bicoid has been the object of considerable interest over the years as a model for morphogen activity. Here, they consider hb promoters from other dipteran genomes, and predict how different promoters with fewer of Bicoid binding sites might respond to stochastic effects.
Considering the inherent complexity of transcriptional controls involved in regulation of developmental genes, and the steady discovery of new cis and trans regulatory elements affecting these genes, such modeling efforts must continue to rely on experimentally-derived insights about enhancer structure and function to achieve a quantitative understanding of gene expression.
